Life Cycle Assessment (LCA) was applied to evaluate the global environmental impact of two scenarios of trout production systems based on the operational information from an operational farm using a flow through system (FTF) and an experimental pilot low head recirculating system (RSF) located on the same site. The main differences between the environmental balances of the two systems were relative to water use, eutrophication potential and energy use. Independently of the system used, feed is the key indicator in determining the environmental balance (notwithstanding eutrophication potential and water dependence) monitored by fish production, chemical products, buildings and energy consumption.
Introduction
In the light of current social, economic and environmental constraints, aquaculture production systems have to evolve towards more environmentally friendly systems. Given their high level of water dependence, trout production systems are particularly concerned with regards to the global context of diminishing water resources (Varadi, 2000 ; Goldburg et al., 2001) and the need to control waste release in recipient ecosystems (EU Water framework directive, 2000/60/EC). In order to reduce the production system footprint both technical and global approaches are required to assess the environmental relevance of the system and to control pollution transfer. Recirculation systems offer the technical possibility of reducing water consumption and waste release by a factor of 100 compared to classic flow through systems (Blancheton, 2000) . In recirculation systems, nutrients released are concentrated in a reduced waste water flow rate, which makes waste treatment easier (Pagand, 1999; Blancheton, 2000; Léonard, 2000) . Life Cycle Assessment (LCA), also known as life cycle analysis, is an international standardized method (ISO14040 and 14044 environmental management standards, 2006) designed to evaluate the global impact of a product or a process on the Environment. 'Life cycle' implies the assessment of all the different phases required for or caused by the product's existence; it includes raw material and energy productions, manufacturing, transport and use. The LCA was recently applied on aquaculture systems by Seppala et al. (2001) , Papatryphon et al. (2004a, b) , Aubin et al. (2006) and Ayer and Tyedmers (2009) . Different categories of environmental impacts were selected to evaluate the effect of the aquaculture production system on the Environment. On a global level, they include global warming potential, primary production and energy use. At the regional level, eutrophication and acidification potential, water dependence and surface use are considered (Aubin et al., 2004 (Aubin et al., , 2006 Papatryphon et al., 2004a) . The aim of this study was to compare the LCA of two scenarios of trout production systems, based on different water management methods: (1) a traditional flow through farm (Murgat SAS, France) producing an average of 500 tons of salmonids per year and (2) a hypothetic farm in recirculation (RSF) with the same production capacity. The RSF data were extrapolated from two years of experimental data obtained on a pilot system (7 tons of standing stock) functioning as current Danish model farms (Roque d'Orbcastel, 2008) . The Danish concept consists in a semi-closed system for trout ongrowing and comprises a simplified water treatment system with low energy consumption (Roque d'Orbcastel, 2008; . Results of the two LCA are presented and compared in this paper, with a sensitivity analysis at two different levels: (1) first, at the energy level, with two consumption hypotheses for the FTF: the FTF is fed with well water, either by gravity or pumped (continuously or not), depending on the natural variations of the water table level; and (2) the feed efficiency level, with two feed conversion ratio (FCR) hypotheses based on the current FCR of the farm and the experimental FCR obtained during the experimentation of the recirculation pilot system (Roque d'orbcastel et al., 2009b) . These four conditions cover the range of situations met at the farm during the two year period.
Materials and method
LCA can be divided into 4 different steps, (1) definition of the goal and scope of the study (including the study system), (2) life cycle inventory (data collection), (3) Life cycle impact assessment (data translation into environmental indicators) and (4) interpretation and analysis of the results). The two systems studied include a production system either in flow through or in recirculation and a waste treatment system. Table 1 summarises the two system characteristics.
Definition of the two production systems
The LCA analysis were conducted on two farms with the same production capacity: the Murgat farm in FTF and a hypothetical RSF operated for maximizing the productivity while ensuring optimal rearing conditions. 2.1.1. Flow through system farm (FTF)
The first production system (FTF) is the ongrowing unit at the Murgat farm (Fig. 1) which is considered as the optimal condition for operating the farm. Nine concrete raceways (from 315 m 3 rearing volume each in sector A to 480 m 3 in sector B) are fed with well water partly by gravity, partly by pumping (20 m deep). The global water flow rate of the sector A varies from 600 l s -1 to 2000 l s -1 (divided between the 3 head tanks), corresponding to a tank renewal rate of 230-760% per hour. The corresponding cumulative feed burden (CFB) (Malone and Beecher, 2000; Colt et al., 2006) of the FTF varies from 52 to 173 m 3 of water kg -1 of feed according to the period. The water flow rate of sector B is around 450 l s -1 (tank renewal rate of 340% per hour) and the CFB is around 91 m 3 of water kg -1 of feed. The effluent treatment system in use at the farm is comprised of (1) three mechanical filters, one in the pregrowing area and two in the ongrowing area, (2) primary and secondary thickening systems. The outlet of the pregrowing area is filtered through a first drum filter (80µm mesh size) and mixed with well water and outlet water from sector B, to feed sector A. The rearing water from the first three tanks of the sector A (ongrowing facility) is then filtered through a mechanical filter, reoxygenated in a low head oxygenator and reused in the four following tanks. The outlet water from those tanks is filtered with another drum filter before being released into the river (Fig. 1) . The waste water from the three filters (backwash water) is passed through three primary thickening systems (around half a cubic meter each). A final thickening system (secondary system) collects the concentrated effluents from the three thickening systems. Sludge is released through an automated valve and stored in tanks before land deposit (as the fish sludge is valorised, it is deduced (as a bonus) from the farm potential impacts). The supernatant from the final thickening system is treated through wetlands built into a raceway divided into 3 sections (each measuring 25 m x 6 m x 0.8 to 1 m).
Recirculation system farm (RSF)
The second system (RSF) corresponds to a hypothetic ongrowing site working in a recirculation system (CFB around 8 m 3 of top-up water kg -1 of distributed feed), producing 478 tons of fish per year (equal to the FTF). The RSF hypothetic farm is an extrapolation of the experimental results obtained by Roque d'Orbcastel (2008) on a pilot scale tank (70 m 3 rearing volume, 5-10 tons of fish stock). Experiments were carried out over two years on rainbow trout performance using fish of the same origin and the same inlet water quality and feed composition as for the FTF (control tank). Roque d 'Orbcastel et al. (2009b) compared growth and welfare in fish reared in recirculating and flow through systems. During a 77 day experiment, fish performance and welfare were compared in the two systems at different stocking densities (from 57 to 98-108 kg m ). The LCA was based on those experimental results, considering an average stocking density of 100 kg m -3 for operating the RSF in optimal conditions. The RSF (Fig. 2) is comprised of 3 independent RS units (80*12*0.7 m 3 ). Each of them includes 4 rearing units (325 m 3 volume each) and 2 biofilters. A rearing unit is comprised of a rearing area and treatment areas with airlift pumps and particle removal systems (sedimentation cones) (Fig. 3) . Units are fed with pumped well water. The RSF includes a complementary water treatment system comprised of a secondary thickening system (receiving concentrated effluents from sedimentation cones) and 3 constructed wetlands (similar to those of the FTF) for the supernatant treatment. As in FTF, sludge is stored in tanks before being valorised through land deposit.
Data collection and environmental indicators
The LCA is carried out using data from the farm and data collected during experiments. The environmental contribution for each item of the production system is evaluated from the inputs to the outputs : fish production (FP), feed (F), veterinary products and other chemical products (V), liquid oxygen (O), infrastructure (I), equipment (Eq), and energy sources (E) consumed at the farm (electricity, fuel and gas) ( Table 2 ). The main source of electricity is the French nuclear energy, with 86.6% of contribution (EDF, 2004) . For each item, raw material and energy productions, manufacturing, transport (distances covered) and emissions are evaluated, from manufacture to use. For example, LCA integrates the production of feed ingredients, from the agriculture or fisheries phases. After collection, the emission and consumption data are aggregated into impact categories on global and regional scales using characterisation factors (Guinee et al., 2004) : (1) Global impact indicators (Global Warming Potential, Net Primary Product Use, energy use) and (2) Regional impact indicators (eutrophication potential, acidification potential, water dependence, surface use) ( Table 2 ). The calculation is processed using data fed into SimaPro 6 ® software and CML 2001 data base. The Global Warming Potential (GWP) assesses the impact of gaseous emissions (CO 2 , CH 4 , N 2 O) on the atmosphere's capacity of absorbing infrared radiation which contributes to the global greenhouse gas effect. The GWP is calculated with GWP 100 factors (Houghton et al., 1996) . The Net Primary Product Use (NPPU) refers to the use of NPP as a biotic resource (Papatryphon et al., 2004b ) ; it measures the trophic level of the rearing system. The Energy use represents the use of nuclear and fossil energy sources (Pré consultants, 1997) in the system from the input factors to the output factors. The energy consumption for the two systems presented corresponds to the operational energy costs which in turn include pump consumption (for well water, U tube and low head oxygenator, filters, thickening systems, vertical wetland and feeding system), aeration system costs, feed distribution (air compressor) and fish handling costs (elevator, grader), electricity, fuel and gas production costs. The eutrophication potential (EP) measures the environmental impact of macronutrients such as nitrogen and phosphates (solid and dissolved elements). The EP is calculated with the EP factors described by Guinée et al. (2002) , Theoretical Oxygen Demand (ThOD) associated with solids released into the ecosystem (Papatryphon et al., 2004b) . Waste evaluation was based on the nutritional method described by Papatryphon et al. (2005) with results published by Roque d 'Orbcastel et al. (2008) . The acidification potential (AP) measures the negative impact of acidifying pollutants such as SO 2 (sulphur dioxide), NH 3 (ammonia), NO 2 (nitrite), NO x (nitrogen oxides) on soil, surface waters and ecosystems. The AP is calculated on the basis of the European average factors described by Huijbregts (1999) . The Water dependence (WD) corresponds to the water quantity flowing into the production system, different from the water consumption of the production system, which is not taken into account in the LCA for the moment. The surface use (S) corresponds to the ground surface used by the production system. All the environmental indicators are calculated for the production of 1 ton of fish (Functional unit) (Brentrup et al., 2001 ). Table 3 presents the LCA 2006 results of the FTF for an annual fish production of 478 tons, with an average feed conversion ratio (FCR) of 1.1 (corresponding to 521 tons of feed distributed per year). Excepting eutrophication potential and water dependence, feed production and use account for most of the environmental impact of the FTF. This represents 100% of the Net Primary Product Use, 91% of the global warming potential, 87% of the acidification potential and 66% of the energy use. Fish production accounts for 100% of the water dependence and 66% of the eutrophication potential of the farm. 21% of the energy is used for the electricity production and consumption (pumps, water treatment, aeration/oxygenation systems, feed distribution system, fish handling) and 7.5% for oxygen. Table 4 presents the LCA 2006 results of the RSF, calculated with an FCR of 1.1, similar to the FTF analysis. When compared to the FTF, the RSF presents the advantages of significantly reducing the eutrophication potential (-26%) and water dependence (-93%). On the other hand, energy use for the RSF is higher than in FTF. Other impacts, mainly explained by the Feed, remain unchanged, because the feed consumption was fixed at the same level as for the FTF (521 tons/ year). A sensitivity analysis was carried out on the FTF, according to two pumping hypotheses: (1) a Low pumping hypothesis (L-FTF) with make up water pumped one fifth of the time, (2) a High pumping hypothesis (H-FTF) corresponding to high energy consumption, with make up water pumped continuously. The low pumping hypothesis can be considered as the most frequent situation for salmonid French farms, usually fed by gravity from surface waters (river or resurgence classically) (table 3). The high pumping situation is not common but it did represent the operational reality for the FTF during the period studied due to severe drought in this area. The environmental impact of the FTF on the NPPU, water dependence and surface use are unchanged independently of the hypothesis. Differences between hypotheses concern mainly energy use, the GWP and the AP. H-FTF energy use is 8973 MJ per ton of fish produced more than the other hypothesis, mainly due to electricity (+7500 MJ). The GWP of the H-FTF represents 2045 kg CO 2 -eq per ton fish produced (30 kg more than the L-FTF) again mainly due to the electricity difference (-25 kg). The AP of the H-FTF is 13.6 kg SO 2 -eq per ton fish produced, equally due to the electricity differential. Another sensitivity analysis can be carried out according to feed conversion ratios (FCR). During 2 years of experiments on rainbow trout (average weights from 100 to 1100 g), a better average for FCR was observed in the recirculation system (0.8) than in the flow through farm (1.1) (Roque d'Orbcastel., 2008) . A sensitivity analysis on the FCR was performed to evaluate the LCA of the RSF with an FCR value of 0.8 (Table 5) . As feed explains most of the environmental impacts, the FCR sensitivity analysis confirms that FCR improvement has a positive impact on all the environmental indicators (except water dependence, which is related to fish production): the GWP is reduced by 22%, the NPPU by 24%, Energy use by 9%, Eutrophication potential by 16% and Acidification potential by 21% by comparing the RSF with a FCR of 1.1 and the RSF with a FCR of 0.8.
Results

Discussion
The main differences between the environmental global balance of the two systems concern water dependence, energy use and eutrophication potential (Fig. 4) . With the current state of the world resources, water and energy are two preoccupations to be considered for sustainable aquaculture practices. The other potential environmental impacts are not linked to the system, but to the feed consumption. The sensitivity analysis showed that 27% of improvement on the FCR (observed in the RS during experiments) reduced other environmental impacts (GWP, NPPU, EP and AP) by 16-27%. As the aim of our study was the two system comparison, we focussed the discussion on the three main system differences: water dependence, energy use and eutrophication potential. One of the advantages of the recirculation system is to reduce the water dependence: in this study, the water dependence of the RSF is decreased by 93% in comparison to the FTF (Table 6 ). Moreover, as the stocking density is almost two times higher in the RSF (Roque d 'Orbcastel et al., 2009b) , space gained on the tanks' footprint is available for waste treatment. At 57659 MJ per ton of fish produced, the RSF consumes 24 to 40% more energy than the H-FTF and the L-FTF respectively ( Table 7 ). The pumping costs of make up water are divided by 4 to 22 in the RSF (compared to the L-FTF or H-FTF respectively) but more energy is required for aeration (8633 and 1799 MJ per ton of fish produced for the RSF and FTF respectively, corresponding to 2.4 and 0.5 kWh per kg fish). Furthermore, the energy consumed for water treatment is 15 times higher for the RSF (2878 MJ per ton of fish or 0.8 kWh per kg fish) than for the FTF (216 MJ per ton of fish or 0.06 kWh per kg fish). Energy use calculated by LCA is 1.4-1.8 higher in the RSF (63202 MJ per ton of fish or 16 kWh per kg fish) than in the FTF. However, the RSF energy balance is in the range of existing references for trout production in flow through systems, from 44604 to 97900 MJ per ton of fish (corresponding to 12.4 and 27.2 kWh per kg) (Papatryphon et al., 2004b; Ayer and Tyedmers, 2009 ). The RSF energy use is 5-6 times lower than in traditional recirculation systems, for turbot (Aubin et al., 2006) or artic charr (Ayer and Tyedmers, 2009 ). Moreover, the RSF presents a significant potential for reductions in energy consumption. Roque d 'Orbcastel et al. (2009a) proposed ways of improvements through a better system design and management of the airlift (compromise between optimal design for water circulation and for water oxygenation) and of the biofilter (backwash and operation). Such modifications could reduce the energy use of RSF to close to the H-FTF level (43841 MJ per ton of fish or 12.2 kWh per kg fish produced), which could become the most frequent situation in the future if drought conditions persist. By opposite, opportunities for reducing energy consumption in the FTF are poor; this would imply a reduction of the water treatment and/or aeration/oxygenation system and consequently a potential degradation of the FCR and increased waste emissions. Another solution for reducing energy without a detrimental impact on fish production would be to modify the tank design by changing parallel tanks into series to ensure a sufficient water flow rate in tanks. This would lead to include intermediate water treatments (suspended solid removal and ammonia oxidation systems) in order to ensure a sufficient water quality and to maintain fish performance. Optimal system configuration, from economic (pumping cost minimisation) and environmental point of views, have yet to be defined and studied according to each farming context. Finally, concerning the eutrophication potential, the RSF is 26-38% lower than FTF, due to differences in waste release (Roque d'Orbcastel, 2008) . Differences are 8.1 g of suspended solids per kg feed -1 , 5.7 g of total nitrogen per kg feed -1 and 0.8 g of total phosphorus per kg feed -1 less in RSF than FTF. LCA comparison between trout (Seppala et al., 2001 ; Papatryphon et al., 2004b) , pig (Blonk et al., 1997 ; Carlsson-Kanyama, 1998 ) and poultry farms (Spies et al., 2002) showed that aquaculture presents the most interesting compromise between nutritional (proteinic) value and environmental impact, except with regards to eutrophication potential. Moreover, the EP of a recirculating aquaculture system can be decreased with a high enough CFB. Seppala et al. (2001) demonstrated that trout environmental impact was mainly linked to waste emissions. In our study, waste from the production system explains half of the eutrophication potential impact (54-66%), feed being responsible for the remainder.
The eutrophication potential of the RSF (18 kg eq PO 4 per ton of fish produced) and the FTF (28 kg) are lower than those published by Papatryphon et al. (2004b) (55-70 kg) , in spite of a similar feed conversion ratio and composition. These results may be explained by the high water treatment efficiency, not to mention that the RSF presents a significant potential for improvement, especially with regards to particle removal which decreases phosphorus release and the THOD level associated to solids influence in aquatic ecosystems (Roque d'Orbcastel, 2008) . However, the waste from the production system explains a small part of the global environmental impact; independently of the system, feed is the main factor in the environmental balance. RSF with an FCR of 0.8 shows a better global environmental balance than the FTF, at both global and regional levels, except for energy use. The RSF presents lower eutrophication potential and NPPU, which are two main aspects to be considered according to Guinée et al. (2002) . The FCR is the key point of the environmental assessment: a 10% FCR variation leads to similar variations on all the potential impact items for the system (Papatryphon et al., 2004b) . Furthermore, regarding to the feed cost increase, there is also an economical reason for decreasing FCR and getting more production out of less system and water. Between 1993 and 2005, FCR was reduced by 27% on salmonid farms due to improvements made on feed composition, digestibility and distribution management (Breton, 2005) . Improving feed efficiency would be possible at the fish level through genetic breeding selection (Kause et al., 2006; Grima et al., submitted) and at the feed level through better selection of feed nutrient digestibility that would also probably impact the production cost as feed is the main economic item for salmonid farms. Environmental impact could also be reduced through improved energy management for feed manufacture in relation to raw material selection and transport distances. Given that trawler caught fish present significant fuel consumption levels (from 3600 MJ per ton herring to 97122 MJ per ton fish flatfish, corresponding to 1 kWh and 27 kWh per kg respectively) (Ziegler and Hansson, 2003) , the use of raw vegetal products is often presented as a solution. However according to Papatryphon et al. (2004b) it requires the same quantity of energy to produce fish oil and meal (for a similar nutritional value) and the eutrophication potential would be higher due to lower digestibility. Fish meal substitution with seafood byproducts could save up 3200 MJ per ton fish produced, but it would increase the eutrophication potential (Papatryphon et al., 2004b) . A compromise has to be found between feed digestibility (related to waste), manufacturing cost (especially transport distances of raw products), fish performance and flesh quality (economic sustainability of the farm). Harvested fish not retained at sea (undersized or low value species) are evaluated between 9 and 24% of the commercial catches (FAO, 2005) ; the by-catch could be used as fish meal for feed. With the current fishing reform the European Commission encourages full utilization of harvested fish ('zero waste approach' applied in Norway, Island and Namibia since 2004) and is planning to support research on the use of wasted fish.
Conclusion
After two years of experiments, LCA of the trout recirculation system based on the Danish concept demonstrated a limited environmental impact in comparison with the flow though system and other current recirculation systems. Further experiments are needed to confirm our results especially the better FCR obtained in recirculation system and the highest fish density without decrease of fish performance and welfare. Whatever the system, feed is responsible for more than half of the environmental impacts (GWP, NPPU, AP and SU). Fish production explains two thirds of the eutrophication potential (feed the third remaining) and the whole water dependence. Energy use due to feed, electricity and oxygen consumption is system-dependent. If the FCR difference between production systems was confirmed at an industrial level, recirculation systems would present a more favourable global environmental balance than flow through system except with regards to energy use. According to the specific context of the farm, a compromise has to be found between water dependence, waste emission, energy consumption and productivity in order to orientate the system towards environmentally sustainable production. Combined with sensitivity and economic analyses, LCA could become a valuable management and forward planning tool for salmonid farms. It could contribute to quantifying and prioritising the possible improvements of each item of the system (impact of the addition of a water treatment loop, impact of the oxygenation rate increase on the FCR…) and assessing the cost-benefit of each modification. This environmental approach could be combined with economic and social cost-benefit analyses in order to define the best compromise for sustainable production. Fig. 1 . Diagrame of the FTF scheme comprised of 2 sectors (A and B); the FTF includes an effluent treatment system comprised of mechanical filtration, primary and secondary thickening systems and developed wetlands. 
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